INTRODUCTION {#s0}
============

Arenaviruses are a family of negative-sense RNA viruses commonly found in rodents (genus *Mammarenavirus*) and snakes (genus *Reptarenavirus*), but members of the *Mammarenavirus* genus are known to infect humans via contact or exposure to urine or feces of the reservoir host ([@B1]). *Mammarenavirus* viruses are divided into Old World (OW) and New World (NW) classifications based on three factors: phylogeny, serology, and geography ([@B1]). The genus consists of over 20 different viruses which are all found in distinct locations based on the availability of the natural rodent host. Lymphocytic choriomeningitis virus (LCMV) is an exception and is found throughout the world due to the wide presence of its rodent host, the house mouse (Mus musculus) ([@B2]). Although the *Arenaviridae* family consists of more than 25 species, only a few arenaviruses are known to infect humans and cause disease. One of the most prominent arenaviruses, Lassa virus (LASV), is endemic to West Africa and is known to induce a severe hemorrhagic fever and multiorgan system failure, often resulting in death ([@B3]). Another prominent example is Machupo virus (MACV), an NW arenavirus, known to cause Bolivian hemorrhagic fever in humans with a case fatality rate of 25 to 35% ([@B4]). The bisegmented RNA genome of these viruses encodes a total of four proteins including the polymerase (L), the matrix protein (Z), the nucleoprotein (NP), and the glycoprotein complex (GPC). The GPC is the only glycoprotein present on the surface and is cleaved into glycoprotein subunit 1 (GP1) and glycoprotein subunit 2 (GP2) by the protease SKI-1/S1P ([@B5]). Cleavage of the GPC is essential for infectivity; cells devoid of SKI-1/S1P are incapable of releasing infectious virions ([@B6]). In the past few years, it has been shown that inhibitors of SKI-1/S1P can be used as antiviral drugs against OW and NW arenaviruses ([@B7], [@B8]). Since the GPC is a surface-exposed component of functional virions essential for engagement and entry into host cells via alpha-dystroglycan (OW) ([@B9]) or transferrin receptor 1 (NW) ([@B10]), the GPC is an obvious target for vaccine and/or therapeutic development. Here, using two different immunization strategies in mice, we aimed at inducing and isolating antibodies that are cross-reactive between phylogenetically distant arenavirus GPCs. We have generated a panel of six mouse monoclonal antibodies (MAbs) to the GPC. All six MAbs target GP2 and show broad cross-reactivity between OW arenaviruses, with one MAb binding broadly to both OW and NW arenaviruses.

RESULTS {#s1}
=======

Generation of recombinant proteins. {#s1.1}
-----------------------------------

To produce recombinant soluble GPCs derived from arenaviruses for vaccination and antibody characterization, we utilized a conserved glycine upstream of the transmembrane domain as a termination point for expression of the ectodomain alone. We also fused it to a C-terminal T4 trimerization domain to enhance stability and a hexahistidine tag to facilitate purification ([@B11]). These modifications allowed for efficient and productive expression of a construct based on the ectodomain of the GPC, termed sGPCe ([Fig. 1A](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"}). Conservation analysis was also performed to create a map based on amino acid identity that pinpoints regions with high and low levels of amino acid identity. This analysis shows that amino acids differ highly for the GP1 subunit while amino acids in GP2 and the stable signal peptide (SSP) are more conserved among the 10 glycoproteins chosen ([Fig. 1B](#fig1){ref-type="fig"}). This also suggests that epitopes that are conserved between different arenaviruses might exist on both the SSP and the GP2 subunits. We then selected two OW arenaviruses, Lassa virus (LASV) and Mopeia virus (MOPV), as well as seven NW arenaviruses, Machupo virus (MACV), Tacaribe virus (TCRV), Guanarito virus (GTOV), Tamiami virus (TAMV), Whitewater Arroyo virus (WWAV), Parana virus (PARV), and Pichinde virus (PICV), for recombinant protein expression via the baculovirus system. All purified glycoproteins showed a single band in the range of 60 to 70 kDa on a reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel, respectively ([Fig. 1D](#fig1){ref-type="fig"}). The differences in size observed are likely caused by the different glycosylation patterns of each glycoprotein since the theoretical mass of all expressed proteins is between 52 and 56 kDa. In order to get a better understanding of the phylogenetic relationships between these arenavirus GPCs, the amino acid sequences of representative arenavirus glycoproteins, with the addition of LCMV GPC, were aligned, and a phylogenetic tree was constructed to visualize relative distances ([Fig. 1E](#fig1){ref-type="fig"}). Notably, the GPCs of Old World viruses such as Lassa virus are highly divergent from the GPCs of New World viruses such as MACV or GTOV.

![Recombinant glycoproteins from both New World and Old World arenaviruses were cloned and analyzed to determine amino acid similarity. (A) Schematic of wild-type arenavirus GPC. The full-length GPC of arenaviruses is depicted including the stable signal peptide (SSP), glycoprotein 1 subunit (GP1), glycoprotein 2 subunit (GP2), transmembrane domain, and cytoplasmic domain. The site of cleavage by SKI-1/S1P is also indicated. (B) Amino acid conservation map of GPCs based on the nine divergent arenavirus strains used to generate our recombinant constructs plus the prototypic arenavirus LCMV. The amino acid sequences of all 10 GPCs were aligned in a multiple sequence alignment using Clustal Omega and then evaluated for conservation using AACon via a Jalview applet. The conservation values were then exported and visualized in Microsoft Excel. The map is based on amino acid identity. (C) Schematic of recombinant GPC constructs. Residues 1 to 423 coding for the ectodomain of the GPCs were fused to the T4 fibritin trimerization domain and cloned into a shuttle vector used to express recombinant protein in the baculovirus expression system. (D) SDS-PAGE of the nickel-nitrilotriacetic acid-purified recombinant GPCs. All nine recombinant GPCs were analyzed on an SDS-PAGE gel under denaturing conditions to assess size and purity. The GPCs were found to be approximately 65 to 70 kDa, and differences in size are likely caused by different glycosylation patterns. (E) Phylogenetic analysis of the nine GPCs expressed. The amino acid sequences were aligned and compared, and a tree was constructed to visualize relative distance. The scale bar represents a 1% change in amino acids.](sph0031825340001){#fig1}

Generation of MAbs via murine hybridoma technology. {#s1.2}
---------------------------------------------------

We used two different strategies to induce anti-GPC antibodies. The first strategy was geared toward inducing LASV-specific antibodies. For this, mice were vaccinated with DNA vaccines encoding the LASV GPC (strain Nig08-A19) three times followed by a protein boost using recombinant LASV GPC of the same strain. This strategy yielded three MAbs, KL-AV-1A2, KL-AV-1A12, and KL-AV-1B3. The second approach was based on a strategy that we successfully developed for the generation of cross-reactive anti-influenza virus hemagglutinin and neuraminidase antibodies ([@B12][@B13][@B15]). Here, we sequentially vaccinated mice with DNA vaccines encoding the GPC of LASV followed by the GPCs of MOPV and MACV with a final LASV GPC recombinant protein boost. The goal of this sequential vaccination was to refocus the antibody response toward conserved epitopes shared by the GPCs of all three divergent arenavirus species. Although MOPV and LASV are both OW arenaviruses, the GPC sequences can differ to a great extent. Another reason to use these two GPCs was to explore whether epitopes exist that are conserved among one OW and one NW virus but not all OW viruses. This strategy also resulted in three MAbs, KL-AV-1G12, KL-AV-1H9, and KL-AV-2A1. The six MAbs and their characteristics are described in [Table 1](#tab1){ref-type="table"}.

###### 

Name, vaccination regimen used, and isotype of the six MAbs

  Name         Regimen                                 Isotype
  ------------ --------------------------------------- ---------
  KL-AV-1A2    LASV GPC, 3 times                       IgG2a
  KL-AV-1A12   LASV GPC, 3 times                       IgG2a
  KL-AV-1B2    LASV GPC, 3 times                       IgG2a
  KL-AV-1G12   Sequential LASV GPC-MACV GPC-MOPV GPC   IgG2b
  KL-AV-1H9    Sequential LASV GPC-MACV GPC-MOPV GPC   IgG2a
  KL-AV-2A1    Sequential LASV GPC-MACV GPC-MOPV GPC   IgG2a

The isolated MAbs show broad binding to recombinant arenavirus GPC proteins and recombinant vaccinia viruses pseudotyped with arenavirus GPCs. {#s1.3}
----------------------------------------------------------------------------------------------------------------------------------------------

After hybridoma generation and initial screens, purified antibodies were tested in an enzyme-linked immunosorbent assay (ELISA) for reactivity against nine different arenavirus GPCs ([Fig. 2A](#fig2){ref-type="fig"} to [I](#fig2){ref-type="fig"}). All six of the isolated MAbs bound well to LASV sGPCe ([Fig. 2A](#fig2){ref-type="fig"}). Interestingly, the binding pattern observed for the LASV sGPCe differs from that of the closely related MOPV sGPCe, for which all MAbs tested (excluding KL-AV-1B3 and KL-AV-1G12) lost some of their binding activity ([Fig. 2B](#fig2){ref-type="fig"}). One MAb, KL-AV-2A1, showed strong binding activity to glycoproteins derived from WWAV, TAMV, GTOV, TCRV, and MACV but not MOPV, PICV, and PARV. As a result of this cross-binding to OW and NW viruses, KL-AV-2A1 can be considered a broadly cross-reactive antiarenavirus GPC antibody. Another MAb, KL-AV-1B3, also showed broad binding activity, but at a very low level ([Fig. 2](#fig2){ref-type="fig"}). Since the glycoproteins used for the ELISAs were recombinant in nature and their conformation is as yet unknown, it was essential to assess whether the MAbs tested can also bind to the glycoprotein in its native conformation on the surface of an infected cell. Hence, BSC40 cells were infected at a multiplicity of infection (MOI) of 1.0 with various recombinant vaccinia viruses (VACV) that expressed glycoproteins derived from arenaviruses ([@B16]). Immunofluorescence (IF) staining with the MAbs was performed on cells infected with VACV-LASV GPC, VACV-LCMV GPC, VACV-MACV GPC, VACV-GTOV GPC, VACV-JUNV GPC (expressing the GPC of the NW arenavirus Junin virus \[JUNV\]), and VACV-WWAV GPC ([Fig. 3](#fig3){ref-type="fig"}). The staining patterns observed confirmed binding of all MAbs to the GPC of LCMV, another OW arenavirus. This is consistent with results observed via ELISA in which five out of six MAbs bound to both OW virus GPCs (LASV and MOPV) tested, albeit at different levels. Furthermore, reactivity of KL-AV-2A1 to JUNV GPC (not tested in ELISA \[[Fig. 3E](#fig3){ref-type="fig"}\]) was observed. In general, findings from the IF staining were consistent with the ELISA results. The exception is KL-AV-1H9, which exhibited no binding to infected cells but had good reactivity via ELISA. In order to be certain that the antibodies were binding specifically to the GPCs of arenaviruses, cells were also infected with wild-type VACV and then stained with the six antibodies ([Fig. 3G](#fig3){ref-type="fig"}). None of the antibodies stained these infected cells. Serum from a mouse which was vaccinated with modified vaccinia virus Ankara (MVA) was used as a positive control, and this serum bound well to cells infected with wild-type VACV.

![The generated murine MAbs are highly cross-reactive and bind divergent arenavirus GPCs. (A to I) ELISA against all recombinant GPCs. A standard ELISA was performed using the nine different GPCs to test binding of the six monoclonal antibodies. Plates were coated with 2 µg/ml of each GPC, and 30 µg/ml of each MAb was used as the starting point followed by 1:3 dilutions. Naive mouse serum was used as a negative control, while an antihistidine antibody was used as a positive control.](sph0031825340002){#fig2}

![The isolated MAbs bind to cells infected with recombinant vaccinia viruses expressing various arenavirus GPCs as well as to cells infected with authentic LASV. (A to F) Immunofluorescence images of nonpermeabilized BSC40 cells infected with vaccinia viruses expressing different arenavirus GPCs. Cells were infected at an MOI of 1 overnight with different recombinant vaccinia viruses that express arenavirus GPCs and stained with the six MAbs at 30 µg/ml. Naive mouse serum was used as a negative control, while polyclonal serum from a mouse vaccinated with LASV GPC, MOPV GPC, and MACV GPC was used as a positive control at a dilution of 1:100. (G) Immunofluorescence images of cells infected with wild-type VACV and stained with the six antibodies. Cells were infected at an MOI of 1 overnight with wild-type VACV and stained with the six antibodies. Serum from a mouse vaccinated with MVA was used as a positive control. (H) Immunofluorescence images of Vero.E6 cells infected with LASV strain Nig08-A18 and stained with the six different MAbs. Vero.E6 cells were infected with wild-type LASV in a BSL-4 facility for 24 h at an MOI of 0.1. Cells were fixed, permeabilized, and stained with 10 ng/µl of each MAb. Cell masks and cell nuclei (DAPI) were also stained, and the merged images are shown.](sph0031825340003){#fig3}

Authentic GPC is recognized on infected cells. {#s1.4}
----------------------------------------------

All six monoclonal antibodies were further tested for binding to the glycoprotein on the authentic LASV strain Nig08-A18 in a biosafety level 4 (BSL-4) facility. Vero.E6 cells were infected with the authentic virus at an MOI of 0.1 for 24 h and then fixed and permeabilized. All MAbs bound to infected cells with the exception of KL-AV-1H9, which also did not bind cells infected with the recombinant vaccinia viruses ([Fig. 3H](#fig3){ref-type="fig"}) but did bind in ELISA to recombinant GPCs. It is possible that the antibody binds an epitope exposed in the recombinant glycoprotein but not on the authentic glycoprotein, as it is presented on the surface of an infected cell.

Broadly reactive MAbs target linear or microconformational epitopes on the conserved GP2 subunit. {#s1.5}
-------------------------------------------------------------------------------------------------

To test whether the monoclonal antibodies bind to linear or conformational epitopes, a Western blot analysis was performed with LASV sGPCe under reducing and denaturing conditions. The membrane was probed with 30 µg/ml of each of the six monoclonal antibodies, and reactivity of MAbs KL-AV-1B3, KL-AV-1G12, KL-AV-1H9, and KL-AV-2A1 was observed ([Fig. 4A](#fig4){ref-type="fig"}), suggesting that a linear epitope is targeted by these antibodies. To map the epitopes of the MAbs, we tested all the MAbs in ELISA using four different recombinant GPC constructs. All MAbs bound to LASV GPe, which encodes residues 1 to 424 of LASV GPC ([Fig. 4B](#fig4){ref-type="fig"}). Next, the MAbs were tested for binding to another recombinant construct, LASV GPCysR4, which also encodes residues 1 to 424 but is engineered to maintain the prefusion conformation. KL-AV-1B3, KL-AV-1G12, and KL-AV-2A1 bound very well to this modified GPC, but the other three MAbs had little to no binding ([Fig. 4C](#fig4){ref-type="fig"}). The antibodies were further tested for binding to another construct, LASV GP1, which encodes GP1 residues 74 to 237. None of the MAbs bound to the recombinant LASV GP1 subunit ([Fig. 4D](#fig4){ref-type="fig"}). Last, another ELISA was performed using a recombinant LASV GP2 subunit (residues 260 to 424) as the substrate, and all of the six MAbs bound well to this construct ([Fig. 4E](#fig4){ref-type="fig"}). Binding to both the full-length LASV GPe and the GP2 subunit alone indicates that all the antibodies target an epitope present on the GP2 subunit.

![Some MAbs bind to linear epitopes, while all MAbs bind to the GP2 subunit of the LASV glycoprotein. (A) Western blot analysis. Recombinant LASV GP was denatured, and a Western blot assay was performed to see whether antibodies bind to linear or conformational epitopes. The blot was probed with the six MAbs at 30 µg/ml, and an anti-mouse--alkaline phosphatase (AP) antibody was used as a secondary stain. An AP conjugate kit was used to visualize the blot. To ensure specificity of the MAbs to LASV GPC, an irrelevant protein (influenza virus hemagglutinin \[IAV HA\]) was run on each blot. (B to D) Subunit mapping analysis for each MAb. Reactivity is shown for LASV GPe (B), prefusion stabilized LASV GPCysR4 ([@B30]) (C), the LASV GP1 subunit alone (D), and the LASV GP2 subunit alone (E). A schematic for each construct is displayed to the right of each ELISA graph. The human antibody 22.5D, which recognizes a linear epitope on GP2, was used as a positive control for panels B, C, and E, while the GP1-specific antibody 3.3B was used as a positive control for panel D ([@B28]). All MAbs were used at a concentration of 5 µg/ml. OD, optical density.](sph0031825340004){#fig4}

The isolated GP2 binding MAbs show negligible functionality *in vitro* and *in vivo.* {#s1.6}
-------------------------------------------------------------------------------------

To test if the isolated MAbs have *in vitro* neutralization activity, plaque reduction neutralization assays (PRNAs) were performed using a recombinant vesicular stomatitis virus that expresses the LASV GPC (VSV-LASV). Since this virus relies completely on the LASV GPC for entry due to the lack of its own G protein, any inhibition of entry of this virus would indicate specific anti-LASV GPC neutralization ([@B17][@B18][@B19]). We observed that none of the six antibodies led to a reduction in plaque numbers, and thus, the antibodies do not neutralize VSV-LASV ([Fig. 5A](#fig5){ref-type="fig"}). To ensure that the assay was functional, a known human antibody which neutralizes LASV, 25.10C, was used as a positive control ([@B20]).

![The six MAbs do not neutralize VSV-LASV and show low ADCC reporter assay activity. (A) PRNA against VSV-LASV. Plaque reduction neutralization assays were performed using a VSV expressing the LASV GPC instead of its own G protein. Each MAb was incubated with VSV-LASV for 1 h, and this mixture was then used to infect Vero.E6 cells for 1 h. The mixture was then removed, and the cells were grown for 48 h with antibody also present in the agar overlay to see if the plaque number or size was reduced. An anti-influenza virus antibody was used as a negative control, while a human antibody, 25.10C, was used as a positive control. (B) ADCC reporter activity of MAbs using VSV-LASV-infected Vero.E6 cells as the substrate. All MAbs were tested in a simple ADCC reporter assay in which Vero.E6 cells were infected overnight with VSV-LASV and the MAbs and effector cells were added onto the infected cells the next morning. Luminescence was measured at the end of the assay to assess ADCC activity. The human anti-influenza virus hemagglutinin stalk MAb CR9114 was used on H4N6 (influenza A virus \[IAV\])-infected Vero.E6 cells as a positive control.](sph0031825340005){#fig5}

Recent reports have shown that neutralization is not an absolute requirement for a MAb to protect *in vivo* against influenza and Ebola viruses ([@B21][@B22][@B25]). Specifically, murine IgG2a and IgG2b MAbs have exhibited protection in the mouse model driven by effector functions. To investigate this possibility, we performed a simple reporter assay (antibody-dependent cellular cytotoxicity \[ADCC\] reporter assay) that measures interactions between murine mFcγRIV (most abundant on murine natural killer cells) and the Fc regions of antibodies bound to VSV-LASV-infected cells. Fc-FcR engagement in this assay leads to the expression of luciferase, which can then be quantified ([@B23]). Four out of six MAbs elicited a signal at relatively high MAb concentrations ([Fig. 5B](#fig5){ref-type="fig"}), but the signal appeared weak compared to a positive-control MAb (human CR9114 against cells infected with influenza A virus). Nevertheless, the small effect observed in the ADCC reporter assay could potentially lead to protection *in vivo*. To test this, for cost and ease of access concerns, we first established a mouse model for *in vivo* protection studies that can be handled outside a BSL-4 laboratory. In the past, we have employed *Stat2*^*−/−*^ mice to study the pathogenicity of viruses that do not exhibit a high degree of pathogenicity in wild-type mice. In the *Stat2*^*−/−*^ background, we have observed that a VSV expressing the Ebola virus glycoprotein showed a high level of pathogenicity which could be protected against by using neutralizing and ADCC-active MAbs (while being completely attenuated in *Stat2*-competent mice \[[@B16]\]). We therefore infected *Stat2*^*−/−*^ mice with increasing doses of VSV-LASV. Indeed, this vaccine strain also induced pathogenicity in the knockout mice, and a 50% murine lethal dose (mLD~50~) of 4.6 PFU was established ([Fig. 6A](#fig6){ref-type="fig"} and [B](#fig6){ref-type="fig"}). We then tested the ability of the six MAbs to protect these mice from infection in a prophylactic setting where 10 mg of each antibody/kg of body weight was injected into mice, via the intraperitoneal route, 2 h before infection. Mice were then infected with 10 mLD~50~s of VSV-LASV. None of the six antibodies tested provided a survival benefit to the mice compared to a control MAb, and all mice succumbed to infection ([Fig. 6C](#fig6){ref-type="fig"}).

![The isolated MAbs are not protective in two different mouse challenge models. (A) mLD~50~ of VSV-LASV. *Stat2*^*−/−*^ mice were infected with different doses of VSV-LASV via the intraperitoneal route to calculate the LD~50~, and mice were weighed for 14 days after challenge with the virus. (B) Survival curve of mice infected with VSV-LASV. The survival curve of the LD~50~ experiment is shown for the four groups, each of which received a different dose of virus as indicated. (C) Protective efficacy of antibodies against VSV-LASV. All six antibodies were tested for their ability to protect against infection in a prophylactic setting in which antibodies were injected into mice 2 h prior to infection with VSV-LASV. (D) Protective efficacy of MAbs against authentic LASV. The protective efficacy of four of the antibodies was tested against authentic LASV (Nig08-A18 strain). Antibodies were injected into mice 2 h prior to infection, and survival was monitored for 14 days. (E) Body temperature post-challenge with authentic LASV. The body temperature of all mice was recorded daily after viral challenge to observe development of a fever. (F) Clinical score of each group post-challenge with authentic LASV. Symptoms were monitored and clinical score was recorded daily for each group after challenge to assess establishment of disease caused by the virus. (G) Viral titers in the blood post-challenge with authentic LASV. To analyze the amount of virus in the blood of mice receiving the four different MAbs, blood samples were taken at different time points and an immunofocus assay was performed to quantify the amount of virus present.](sph0031825340006){#fig6}

In parallel, a similar experiment was conducted with a subset of the MAbs using wild-type LASV, strain Nig08-A18, in chimeric mice that are susceptible to wild-type LASV. In this experiment, mice were treated prophylactically with 15 mg/kg of MAbs KL-AV-1A2, KL-AV-1A12, KL-AV-1G12, and KL-AV-2A1 and then challenged with the authentic Lassa virus in a BSL-4 setting ([Fig. 6D](#fig6){ref-type="fig"}). Only these four MAbs were tested due to the availability of a limited number of mice. Body temperatures were also recorded daily after viral challenge ([Fig. 6E](#fig6){ref-type="fig"}). However, no significant difference among the five groups was observed. Clinical symptoms were monitored daily, and scores were assigned for consciousness, appearance, eyes, and respiration ([Fig. 6F](#fig6){ref-type="fig"}). Additional points were given for diarrhea, weight loss, and body temperature (details in Materials and Methods). While a trend toward a small but not significant benefit in terms of clinical signs was noticeable for one of the MAbs (KL-AV-1A12), the overall results mirrored the results observed in the *Stat2*^*−/−*^ mouse model in terms of survival. Finally, to see if the amounts of virus in the blood of the mice in the five groups differed, blood samples from different time points were titrated ([Fig. 6G](#fig6){ref-type="fig"}). There did not seem to be any significant difference in viral titers in the blood between the groups.

DISCUSSION {#s2}
==========

Currently, no vaccines or antivirals are available to effectively treat OW arenaviruses. The same is true for most NW arenaviruses, except for a specific vaccine for JUNV (Candid \#1) that is being used in Argentina ([@B26]). Ribavirin has occasionally been used off-label for treatment, transfer of convalescent-phase plasma is an established treatment option for JUNV infections, and a JUNV MAb therapeutic is in early stages of development ([@B27][@B28][@B29]). Even so, there remains a need to better understand the antigenicity of the arenavirus GPC to aid the development of future vaccines and therapeutics. Here, we used two different vaccination strategies to induce antibodies against the GPC of arenaviruses. The first strategy used was geared toward inducing LASV-specific MAbs, and only the LASV GPC was used for sequential vaccination. This strategy led to two MAbs specific for OW virus GPC with strong binding to LASV and weaker binding to MOPV and one MAb that bound very well to both LASV and MOPV and had some residual binding to some NW virus GPCs. The second scheme was based on sequential vaccination ([@B30]) of animals with GPCs from divergent strains, including LASV (OW), MACV (NW), and MOPV (OW), and this strategy yielded one MAb, KL-AV-2A1, with strong cross-reactivity against both OW and NW viruses. Another MAb derived from this strategy, KL-AV-IG12, showed cross-reactivity between the OW virus GPCs tested and had limited reactivity to some NW viruses as well. The third isolated MAb, KL-AV-1H9, was specific to LASV. While these numbers are not representative of the numerous antibodies present in the serum after exposure to an antigen, it is noteworthy that the strongly cross-reactive MAb was isolated after vaccination with divergent strains. Four MAbs bound to linear/microconformational epitopes (active in a Western blot assay under reducing and denaturing conditions), while the other two MAbs did not recognize GPC in Western blot assays and therefore likely bind fully conformational epitopes. All six MAbs are specific to the GP2 subunit, which is perhaps unsurprising given the higher conservation of this subunit. In the past, antibodies have been generated against the GPC of arenaviruses that exhibit neutralizing activity. In one study, vaccinating mice with JUNV resulted in the isolation of seven monoclonal antibodies (MAbs) that bound specifically to the JUNV GPC glycoprotein, four of which were able to neutralize the virus. However, none of these antibodies cross-reacted to any other arenavirus ([@B31]). A large panel of human MAbs was recently isolated from human survivors of Lassa fever. Of a total of 113 MAbs, 29 were specific to GP1, 27 bound specifically the whole GPC but not the individual subunits, and 57 bound to GP2 ([@B20]). Some of the GP2-targeting MAbs from that study showed limited cross-reactivity against other arenavirus GPCs. Finally, in a paper from 1991, Ruo and colleagues were able to isolate GP2-specific monoclonal antibodies from mice immunized with OW arenavirus that cross-reacted with New World arenaviruses such as JUNV, MACV, Amapari virus, and others ([@B32]). The MAbs isolated in our study resemble the human MAbs derived from LASV infection survivors since we found some strong cross-reactive antibodies. Unfortunately, our MAbs did not show neutralizing activity *in vitro*, a characteristic that they also share with the 57 human anti-GP2 MAbs ([@B20]). In contrast, several anti-GP2 MAbs reported by Ruo and colleagues did neutralize LASV ([@B32]). It is possible that due to the low number of isolated MAbs, we missed potentially neutralizing or protective MAbs. Another possibility is that the reagents used for immunization, specifically the nonstabilized recombinant proteins, did not display neutralizing GP2 epitopes in the right conformation. A recent study that solved the structure of the LASV GPC suggests that most neutralizing epitopes are displayed only in the prefusion conformation ([@B33]). However, due to the inherent metastable nature of the arenavirus GPC, the nonstabilized, recombinant GPC ectodomains often separate into the GP1 and GP2 alone, with the released GP2 assuming the postfusion six-helix bundle conformation. Interestingly, this was the conformation preferentially bound by all six of our MAbs. Therefore, a sequential vaccination strategy with divergent arenavirus GPCs that have been stabilized via mutations might lead to the isolation of neutralizing and protective MAbs and perhaps to a broadly protective antiarenavirus vaccination strategy similar to the ones under development for influenza viruses ([@B30], [@B34]).

MATERIALS AND METHODS {#s3}
=====================

Cells and viruses. {#s3.1}
------------------

BSC40 cells (ATCC CRL-2761) and Vero.E6 cells (ATCC CRL-1586) were grown in Dulbecco's modified Eagle's medium (DMEM; Life Technologies) which was supplemented with antibiotics (100 units/ml penicillin-100 µg/ml streptomycin \[Pen-Strep\]; Gibco), buffer solution (HEPES \[1 M\]; Gibco), and 10% fetal bovine serum (FBS; HyClone). Sf-9 cells were passaged in TNM-FH medium (Gemini Bioproducts) with antibiotics (Pen-Strep) and 10% FBS, while BTI-TN-5B1-4 cells were grown in serum-free SFX-insect medium (HyClone) supplemented with antibiotics (Pen-Strep). Replication-competent recombinant VSV (VSV-LASV) was provided by Heinrich Feldmann at Rocky Mountain Laboratories (RML), National Institute of Allergy and Infectious Diseases (NIAID), and has been described previously ([@B17][@B18][@B19]). Recombinant vaccinia viruses expressing the glycoproteins of various arenaviruses were obtained from the Biodefense and Emerging Infections Research Resources Repository (BEI Resources). These include recombinant vaccinia viruses that express LASV Josiah GPC (NR-15493), LCMV Armstrong 53b GPC (NR-15497), MACV Carvallo strain GPC (NR-15501), GOTV INH-95551 GPC (NR-15486), WWAV AV 9310135 GPC (NR-15508), and JUNV XJ13 GPC (NR-15691) ([@B16]).

Propagation and titration of viruses. {#s3.2}
-------------------------------------

Recombinant vaccinia viruses were grown and titrated in BSC40 cells ([@B35]). Confluent monolayers of these cells were infected with 50 µl of viral stock obtained from BEI Resources in 5 ml of minimal essential medium (MEM; Gibco) supplemented with antibiotics, HEPES, glutamine ([l]{.smallcaps}-glutamine \[200 mM\]; Gibco), and sodium bicarbonate (sodium bicarbonate 7.5% solution; Gibco) for an hour at 37°C. After an hour, 35 ml of MEM was added to obtain a larger viral stock. After 48 h, cells were lysed by three freeze-thaw cycles by placing the virus on a mixture of ethanol and dry ice for 30 s and then letting the virus sit at room temperature for 30 s. Cells were centrifuged at 4,000 rotations per minute (rpm) in a benchtop centrifuge (Beckman Coulter; Allegra X-15R, SX4750A rotor), the supernatant was collected, and smaller aliquots were frozen at −80°C. VSV-LASV was propagated in Vero.E6 cells. A confluent monolayer of cells was infected with 100 µl of VSV-LASV mixed with 5 ml of MEM for an hour, and then 35 ml of additional MEM was added. Cells were incubated at 37°C, and cytopathic effects were observed in the monolayer. After 48 h, all the supernatant was collected and frozen at −80°C. LASV, strain Nig08-A18 ([GU481070.1](https://www.ncbi.nlm.nih.gov/nuccore/GU481070.1)), was grown in Vero.E6 cells and titrated in a BSL-4 setting as described by Oestereich et al. ([@B36]). Viral titers in the blood samples from mice were also titrated using this method.

Plaque assays. {#s3.3}
--------------

To titrate the recombinant vaccinia viruses, confluent monolayers of BSC40 cells were infected with different dilutions of the viral stock starting from 1:10 to 1:1,000,000 in phosphate-buffered saline (PBS) for an hour to allow the virus to attach to the cells. After an hour, cells were overlaid with MEM that contained 2% Oxoid agar (Oxoid purified agar; Thermo Scientific). Cells were incubated at 37°C for 2 days and then fixed. Cells were stained with crystal violet solution (Sigma-Aldrich), and plaques were counted. Titration of VSV-LASV was done in a similar manner using Vero.E6 cells.

Generation of mammalian expression vectors encoding full-length arenavirus GPC. {#s3.4}
-------------------------------------------------------------------------------

Full-length sequences of three arenavirus glycoproteins were obtained from GenBank and include LASV strain Nig08-A19 (GenBank accession number [GU481072.1](https://www.ncbi.nlm.nih.gov/nuccore/GU481072.1)), MACV strain Carvallo (GenBank accession number [KM198592.1](https://www.ncbi.nlm.nih.gov/nuccore/KM198592.1)), and MOPV strain Mozambique (GenBank accession number [DQ328874.1](https://www.ncbi.nlm.nih.gov/nuccore/DQ328874.1)). These sequences were commercially synthesized (Invitrogen GeneArt Gene Synthesis). For each GPC, the sequence encoding the open reading frame was amplified and cloned into a pCAGGS mammalian expression vector. Each vector was Sanger sequenced (Macrogen), and DNA was purified using the PureLink HiPure Plasmid Midiprep kit (Invitrogen).

Recombinant arenavirus GPCs. {#s3.5}
----------------------------

The open reading frames encoding the ectodomain of nine arenavirus glycoproteins which include LASV Nig08-A19 (synthesized from GenBank accession number [GU481072.1](https://www.ncbi.nlm.nih.gov/nuccore/GU481072.1)), MOPV (synthesized from GenBank accession number [DQ328874.1](https://www.ncbi.nlm.nih.gov/nuccore/DQ328874.1)), MACV Carvallo strain (synthesized from GenBank accession number [KM198592.1](https://www.ncbi.nlm.nih.gov/nuccore/KM198592.1)), GOTV (synthesized from GenBank accession number [AY129247.1](https://www.ncbi.nlm.nih.gov/nuccore/AY129247.1)), WWAV (synthesized from GenBank accession number [NC_010700](https://www.ncbi.nlm.nih.gov/nuccore/NC_010700)), PICV (synthesized from GenBank accession number [K02734](https://www.ncbi.nlm.nih.gov/nuccore/K02734)), PARV (amplified from ATCC VR-667), Tamiami virus (synthesized from GenBank accession number [AF485263](https://www.ncbi.nlm.nih.gov/nuccore/AF485263)), and Tacaribe virus (synthesized from GenBank accession number [M20304](https://www.ncbi.nlm.nih.gov/nuccore/M20304)) were cloned into a baculovirus shuttle vector in frame with a C-terminal T4 foldon trimerization domain and a hexahistidine tag sequence ([@B11]). A conserved glycine residue upstream of the transmembrane domain at position 423 was used as the termination point. Baculoviruses were generated as described previously in Sf-9 cells, and glycoproteins were expressed in BTI-TN-5B1-4 cells and purified from cell supernatants according to a published protocol ([@B11], [@B37]). Recombinant LASV (Josiah) GP constructs used in ELISAs ([Fig. 4B](#fig4){ref-type="fig"}) were expressed in *Drosophila* S2 insect cells and purified by Strep-Tactin affinity chromatography and gel filtration as previously described ([@B21], [@B23]).

Generation and screening of hybridomas. {#s3.6}
---------------------------------------

Six- to 8-week-old female BALB/c mice (Jackson Laboratories) were vaccinated with 40 µg of pCAGGS vector encoding full-length GPC of either LASV Nig08-A19, MACV strain Carvallo, or MOPV. The DNA was administered via the intramuscular route, and an electrical stimulus was applied immediately after injection (TriGrid delivery system; Ichor Medical Systems) ([@B23]). The vaccination was performed for a total of three times with intervals of 2 to 3 weeks. One group of mice was vaccinated with only the plasmid coding for the LASV GPC to generate hybridomas specific for this virus. To induce a cross-reactive response, mice were sequentially vaccinated with vectors that encoded LASV GPC, MACV GPC, and finally MOPV GPC. Three days prior to the fusion, mice were boosted with 100 µg of recombinant LASV GPC adjuvanted with 10 µg of poly(I:C). On the day of the fusion, mice were sacrificed and the spleens were removed. The hybridoma fusions were performed according to a previously published detailed protocol ([@B13], [@B38]). Briefly, the harvested splenocytes were fused with SP2/0 myeloma cells using polyethylene glycol (Sigma-Aldrich), and cells were grown on semisolid Clonacell-HY Medium D (StemCell Technologies). Distinct colonies were picked and transferred to 96-well cell culture plates and grown in Medium E (StemCell Technologies) for 5 days. On the 5th day, an enzyme-linked immunosorbent assay (ELISA; procedure described below) was performed using 30 µl of hybridoma supernatant as primary antibody. Polyclonal serum collected from the immunized mice was used as a positive control at a dilution of 1:100. Mice that were vaccinated with DNA from divergent arenavirus GPCs were screened against all three GPs. Hybridomas that reacted positively on the ELISA were further isotyped using the Pierce rapid antibody isotyping kit (Life Technologies). IgG-secreting hybridomas were selected, passaged, and expanded to 300 ml of serum-free hybridoma medium (Hybridoma-SFM; Gibco). Antibodies were then purified using affinity chromatography columns packed with protein G Sepharose 4 Fast Flow (GE Healthcare) and used for further characterization. Expansion of hybridomas and purification of the hybridoma supernatants were performed as described in detail previously ([@B14], [@B38]).

ELISA. {#s3.7}
------

Plates (Immulon 4 HBX; Thermo Scientific) were coated with 2 µg/ml of the respective protein prepared in coating buffer (carbonate-bicarbonate buffer, pH 9.4) at 4°C overnight. The next morning, coating solution was removed and plates were blocked with 100 µl/well of 3% milk in PBS containing 0.1% Tween 20 (TPBS) for an hour at room temperature. Primary antibody solutions were prepared in TPBS containing 1% milk starting at a desired concentration, and 1:3 serial dilutions were prepared. Plates were incubated with primary antibody for an hour, after which plates were washed three times with 100 µl/well with plain TPBS. The secondary antibody used was a horseradish peroxidase (HRP)-labeled anti-mouse IgG (GE Healthcare) at a dilution of 1:3,000 prepared in 1% milk in TPBS. Plates were washed vigorously three times with TPBS and then developed using SigmaFast OPD (*o*-phenylenediamine dihydrochloride; Sigma-Aldrich). The OPD substrate was left on the plates for 10 min, after which the reaction was stopped with 50 µl/well of 3 M hydrochloric acid (HCl), and the plates were read at an optical density of 490 nm on a Synergy 4 (BioTek) plate reader. ELISAs with recombinant LASV GP constructs in [Fig. 4B](#fig4){ref-type="fig"} were performed using a modified method. Ninety-six-well half-area assay plates (Corning Incorporated) were coated with 50 µl at a final concentration of 0.5 µg per well in PBS. Plates were incubated overnight at 4°C and washed three times with TPBS. Plates were then blocked for 1 h with 125 µl of blocking buffer consisting of 3% bovine serum albumin (BSA)-PBS and then washed as described above. Each MAb was diluted to a final concentration of 5 µg/ml in blocking buffer and was added at a final volume of 50 µl/well. The plates were incubated for 1 h at 37°C and then washed as described above. Detection was performed with 50 µl/well of HRP-conjugated goat anti-human IgG antibody (Southern Biotech) diluted to 1:2,500 in blocking buffer. After a 1-h incubation, 50 µl/well of tetramethylbenzidine (TMB)-H~2~O~2~ substrate was added, and the plates were incubated for 5 min. The reaction was stopped by adding 50 µl/well of TMB stop solution and read at 450 nm.

SDS-PAGE and Western blotting. {#s3.8}
------------------------------

The samples were heated in 2× Laemmli buffer with 2% beta-mercaptoethanol (BME) at 100°C for 20 min and run on polyacrylamide gels (5% to 20% gradient; Bio-Rad). Gels were stained with SimplyBlue SafeStain (Invitrogen) for an hour and then destained in water for another hour. For Western blot assays, SDS-PAGE was performed with the sGPCe side by side with an irrelevant control protein (recombinant influenza A virus H7 protein). The gels were then transferred onto nitrocellulose membranes according to a previously described protocol ([@B39]). Each monoclonal antibody was used for primary staining at 30 µg/ml, and the secondary staining was performed using anti-mouse IgG (whole molecule)--alkaline phosphatase (AP) antibody produced in goat (Sigma-Aldrich) at a dilution of 1:1,000. The membrane was developed using an AP conjugate substrate kit, catalog no. 1706432 (Bio-Rad). To ensure that the proteins were transferred onto the nitrocellulose membrane, an anti-His monoclonal antibody (TaKaRa Bio Company) was used as a positive control, detecting a hexahistidine tag on the GPCs and the control protein.

PRNA. {#s3.9}
-----

*In vitro* plaque reduction neutralization assays were performed using Vero.E6 cells according to an established protocol ([@B13], [@B38]). One hundred PFU of virus was incubated with dilutions of each antibody for 1 h at room temperature. Cells were washed with PBS, and the virus-antibody mixture was incubated on the cells for 1 h at 37°C. The mixture was then removed from the cells, and an agar overlay that contained serial dilutions of the antibodies was added to the cells. The cells were incubated in a cell culture incubator at 37°C for 48 h postinfection and stained with crystal violet (Sigma-Aldrich). The plaques were counted, and the data were analyzed with Prism 7 (GraphPad).

*In vivo* studies in *Stat2*^*−/−*^ mice. {#s3.10}
-----------------------------------------

The *in vivo* studies were performed according to a similar design as described in detail previously ([@B23]). *Stat2*^−/−^ C57BL/6 mice were originally provided by Christian Schindler and were bred at the Icahn School of Medicine at Mount Sinai. Four groups consisting of two female and two male mice each, 6 to 8 weeks old, were infected with 1 PFU, 10 PFU, 100 PFU, and 1,000 PFU of VSV-LASV via the intraperitoneal route. Mice were monitored daily for survival and weight loss. Mice that lost 25% or more of their initial body weight were euthanized. The Reed and Muench method was used to obtain the mLD~50~. A prophylactic setting was used to assess whether an antibody is able to protect a mouse from infection or not. Each antibody group consisted of four mice, two males and two females. Mice were injected with 10 mg/kg of each antibody 2 h prior to infection with VSV-LASV via the intraperitoneal route (right flank). Mice were subsequently infected with 10 times the mLD~50~, and weight loss was monitored and recorded daily for 14 days. An irrelevant murine IgG that binds to hemagglutinin of influenza virus was used as a negative control. Survival curves and weight loss curves were created in Prism (GraphPad).

*In vivo* studies with LASV strain Nig08-A18. {#s3.11}
---------------------------------------------

Chimeric mice were produced using female IFNAR^−/−^ mice (C57BL/6 background) that were irradiated and received 2 × 10^6^ bone marrow cells from coisogenic donor mice. The detailed protocol has been published before ([@B40], [@B41]). The mice were kept in groups of three to five mice per group in individually ventilated cages with water and food *ad libitum*. Eight weeks after the bone marrow transplantation, the engraftment was checked in peripheral blood by flow cytometry, and only mice with an engraftment above 85% donor cells were used in the experiments. Five mice per group were injected intraperitoneally with 15 mg/kg of the antibody KL-AV-1A2, KL-AV-1A12, KL-AV-1G12, or KL-AV-2A1 or an isotope control antibody. The antibodies were diluted in sterile PBS. Two hours after the antibody administration, the mice were infected intranasally with 1,000 focus-forming units (FFU) of LASV strain Nig08-A18 in 50 µl sterile PBS. Weight, rectal core body temperature, and symptoms were recorded daily for 3 weeks. Clinical score was calculated for consciousness, appearance, eyes, and respiration. Additional points were assigned for diarrhea (1 point) and for weight loss (1 point for weight loss up to 19.9% and 3 points for weight loss up to 20% to 24.9%). Fever and body temperature also led to extra points and a higher clinical score. Mice were sacrificed by isoflurane overdosing and cervical dislocation when criteria for euthanasia (weight loss of \>80% of starting weight, symptom score of \>10) were fulfilled or at the end of the experiment. Blood samples were collected periodically unless mice had a clinical score greater than 6 or had already succumbed to infection.

ADCC reporter assay. {#s3.12}
--------------------

An ADCC reporter bioassay kit (Promega) was used to assess whether any of the MAbs elicit ADCC activity. The protocol has been described previously but was modified as needed ([@B14], [@B23]). Vero.E6 cells (50,000 per well) were added onto white round-bottom 96-well cell culture plates (Corning Costar) and infected with VSV-LASV at a multiplicity of infection (MOI) of 1.0. Virus was prepared in MEM, and this medium was removed from the cells after 16 h. Twofold serial dilutions of each antibody were added to the cells in duplicate starting from a concentration of 100 µg/ml. Seventy-five thousand effector cells were added to the cells with the antibody dilutions, and cells were incubated at 37°C for 6 h. Luciferase substrate was added, and luminescence was measured 2 to 5 min later using a Synergy Hybrid Reader (BioTek). Human monoclonal antibody CR9114 was used on influenza virus (A/duck/Czechoslovakia/1956 H4N6)-infected Vero.E6 cells as a positive control ([@B42], [@B43]).

Immunofluorescence assays. {#s3.13}
--------------------------

BSC40 cells were plated on 96-well cell culture plates and infected with each recombinant VACV in 1× MEM (Life Technologies) at an MOI of 1.0 overnight or for 16 h. The next morning, 150 µl of 3.7% paraformaldehyde was used to fix and inactivate VACV for 2 h. Cells were then incubated at room temperature with a blocking solution made of 3% milk in 1× PBS (Life Technologies) for 1 h. Each antibody was diluted to a concentration of 30 µg/ml in 1% milk in 1× PBS, and 100 µl of antibody solution was added to the cells for an hour. Cells were washed twice with PBS, and 100 µl of a 1:1,000 dilution of goat anti-mouse IgG heavy plus light chain (H+L)--Alexa Fluor 488 (Abcam) was added for 50 min. The secondary antibody was removed, and cells were kept in PBS to analyze immunofluorescence under the microscope (Olympus IX-70). The protocol was adapted from the work of Tan et al. ([@B13]). To test binding of antibodies to the wild-type LASV Nig08-A18 strain, Vero.E6 cells were grown on coverslips and were infected with the virus at an MOI of 0.1. Twenty-four hours postinfection, cells were counterstained with tetramethyl rhodamine isocyanate (TRITC)-labeled cell mask at a dilution of 1:1,000 for 10 min at room temperature. Cells were then fixed with 4% formaldehyde in PBS and permeabilized with 0.1% Triton X-100 in PBS. Cells were then stained with each antibody at 10 ng/µl for 60 min. Cells were washed carefully with PBS three times, after which cells were stained with a fluorescein isothiocyanate (FITC)-labeled anti-mouse secondary antibody and DAPI (4′,6-diamidino-2-phenylindole) at a dilution of 1:10,000 in PBS for 60 min. Cells were washed three times and mounted on glass slides with Prolong antifade mounting medium. Images of the stained cells were taken via confocal fluorescence microscopy.

Conservation map of arenavirus glycoproteins and phylogenetic analysis. {#s3.14}
-----------------------------------------------------------------------

Amino acid sequences from the indicated virus glycoproteins (or whole-genome sequences) were downloaded from GenBank with a preference for whole-genome sequences acquired from the field in a similar manner. These were then standardized by removal of all primer sequences and then (if applicable) translated using ExPASy (Swiss Institute of Bioinformatics), and amino acid sequences were extracted and labeled with short names as indicated below. A multiple sequence alignment (MSA) was generated using Clustal Omega, and the alignment file was analyzed using Jalview. Percent identity per position was then determined in Jalview as the percentage of utilized viral sequences that share the Lassa virus amino acid at each position. These percent identity values were then translated to heat map colors (blue is 100% shared; red is 0% shared) and visualized in Microsoft Excel. The map was then labeled and standardized so that each pixel corresponds to one amino acid in Adobe Illustrator CS6. The phylogenetic tree of the different GPCs was built using the neighbor-joining method based on amino acid sequences in Clustal Omega. The tree was then visualized and labeled in Figtree v1.4.1.3.

Data availability. {#s3.15}
------------------

The data that support the findings of this study are available from the corresponding author upon request.
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